I n 1951, Nulsen and Spitz revolutionized the treatment of hydrocephalus via the introduction of the valve-regulated shunt to ensure unidirectional CSF flow.
all, there is a paucity of large clinical studies addressing the long-term durability and associated revision rates of VPSs in the pediatric population. One postulated observation is that long-term follow-up data in pediatric patients may be difficult to obtain. 46 The neurosurgical service at KKH Women's and Children's Hospital in Singapore was started in the 1990s as a full-time subspecialty division of the pediatric surgery department. Since its humble beginnings, it has developed into a specialized neurosurgical unit dedicated to the management of pediatric neurosurgical patients. Because of its relatively recent start, it is not surprising that a common clinical issue currently faced by the unit is VPSrelated problems in a significant number of older children in whom shunts were inserted at an early age. To address this potentially life-threatening condition, we performed a retrospective study of the patients admitted for VPSrelated complications in whom the original VPS had been inserted more than 5 years before at our institution. The primary aim of the study was to analyze possible causes of VPS failure in our local pediatric population, in concordance with current literature. The secondary aims include, first, to identify factors that can be used to improve management of our present cohort of patients who have already received VPSs, especially those at risk for facing such complications. Next, the study endeavors to pinpoint possible measures that can be translated to prevent similar complications for future patients who require a VPS.
Methods study Design
This is a single-institution retrospective study approved by the hospital ethics review board. The study aims to review all VPS-related failures and follow-up shunt revisions at our institution for patients with VPSs that have been in place for more than 5 years. The study period extends over a 10-year period, from 1 January 2006 to 31 December 2015. All patients in our study were identified from our VPS hospital database; this included electronic discharge summaries, and hard-copy notes for the cases in which the electronic discharge summaries were not available.
inclusion and exclusion Criteria
All of our patients had a shunt that had been in place for more than 5 years at the time of hospital admission for VPS malfunction. Every shunt revision was defined as a single event. If a patient had 2 shunt revisions more than 5 years apart, then it was taken as 2 separate events. Given these parameters, a single patient could have had more than 1 shunt revision and more than 1 cause for shunt failure. This study recruited only patients whose revisions were done in our hospital. Our patients who subsequently became adults and in whom shunt revisions were done in the adult hospitals were not included in our study. Similarly, our patients in whom subsequent VPS revisions were performed in overseas hospitals were excluded in our study. Any death that occurred as a result of a VPS was also recorded in our study.
study variables
We recorded the patient's initial presentation, age, sex, and the initial cause of the hydrocephalus requiring a shunt insertion. Shunt fractures are related to a patient's growth, and we wanted to determine if the sudden disproportionate increase in growth during a patient's growth spurt could contribute to shunt fractures or disconnection. The time of shunt failure in relation to puberty was noted. We defined the onset of puberty as 10 years of age for girls and 11 years of age for boys. To measure VPS survival, the time to VPS revision from the initial surgery was documented. We also documented the cause of shunt failure and the follow-up period of all our patients with a VPS.
operative Methods
Over the years, the neurosurgical service was covered by various neurosurgeons. This led to different nuances in the surgical technique for VPS insertion by individuals. However, the general procedural steps remain similar up to this day. A preoperative dose of intravenous antibiotics is given at the start of the operation. A curvilinear skin incision is made superior and posterior to the ear. This is followed by a bur hole in the skull. The ventricular tip is placed into the brain parenchyma after a small durotomy. The distal catheter is tunneled subcutaneously, down the anterior chest wall, and finally into an opening made into the peritoneum of the patient's abdominal cavity. A VPS valve is used to connect both catheters and secured in a subcutaneous pocket that is situated under the skin, usually in the postauricular region.
statistical Analysis
Statistical analysis was conducted with Statistical Package for the Social Sciences software (SPSS, version 21.0; IBM Corp.). Logistical regression was performed to look for variables that resulted in shunt failure. A p value of < 0.05 was considered statistically significant.
results

Patient Demographic Data
A total of 315 VPSs was inserted at our institution between 1997 and 2015, according to our patient database. Of these VPSs, 132 underwent revision between 2006 and 2015; 48 (36.4%) of these revisions were secondary to late complications, and the shunts were revised more than 5 years after the original insertion. These 48 cases occurred in 46 patients (23 males and 23 females). Two patients had more than 1 late complication each. These patients' ages ranged from 7 to 26 years (mean 12.23 ± 4.459 years) ( Table 1) . Causes for hydrocephalus resulting in the initial shunt insertions include the following: congenital, 13 patients; postinfection, 11 patients; intraventricular hemorrhage, 9 patients; myelomeningocele, 5 patients; holoprosencephalon, 4 patients; aqueductal stenosis, 2 patients; tumor, 2 patients; encephalocele, 1 patient; and presence of intracranial cyst, 1 patient (Fig. 1) . All of these patients were less than 12 months old when they had their initial VPS insertion. The postoperative follow-up for the revised shunts in our study ranged from 6 to 138 months (mean 45.15 ± 33.26 months). Total follow-up for patients in our study from the time their initial shunts were inserted ranged from 78 to 377 months (mean 165.6 ± 56.5 months). The mean is expressed ± SD throughout.
Causes of shunt revision
The time it took for a shunt to fail was between 6 and 24 years (mean 10.25 ± 3.77 years) (Fig. 2) . Reasons for failure resulting in shunt revision include the following: shunt fracture and disconnection, 24 patients (50%); shunt blockage, 14 patients (29.2%); tract fibrosis, 6 patients (12.5%); shunt tethering resulting in shunt dislodgement, 2 patients (4.2%); and skin erosion, 2 patients (4.2%) (Fig. 3 ).
There were 24 patients with shunt fracture and disconnection that was found in 4 places: 2 patients had fractures that were proximal to the shunt valve, 15 patients had disconnections that were just distal to the shunt valve. The remaining 7 patients had shunt fractures at various other locations along the distal catheter, away from the valve. Puberty was not a statistically significant factor (p = 0.179) in shunt fractures or disconnections (Fig. 4) . Six patients had catheter fractures in the neck, and 1 patient had a fractured shunt in his chest. There were 14 patients with shunt blockages: 10 shunts were blocked proximally at the ventricular catheter, whereas the other 4 had distal blockage in the peritoneal tubing. Six patients had tract fibrosis as a result of localized calcification of the shunt tubing: 4 patients had fibrosis in the neck, resulting in pain on neck movement, whereas 2 had fibrosis in the abdomen, resulting in the formation of painful intraabdominal lumps. Two shunts were dislodged because they were calcified and tethered to their surrounding tissues. Both instances required shunt revision. Two patients had skin erosion with exposed shunt tubing. One patient who had an exposed shunt in the neck had a history of cellulitis and abscess in the same region, whereas the other patient had a progressive skin erosion by the shunt catheter through his scalp simultaneously with signs of localized infection.
If shunt fractures and disconnections, tract fibrosis, and shunt tethering causing dislodgement were classified together under the spectrum of complications associated with shunt calcinosis, they would account for 66.7% of all delayed complications (32 of 48 revisions).
Discussion
Delayed vPs Complications: an overview
Ventriculoperitoneal shunt placement is the mainstay of treatment for hydrocephalus secondary to a variety of underlying pathologies. 48 The widespread use of VPSs has made identification and management of their associated complications all the more pertinent. In general, VPS complications can be divided into early versus late failures. Early failures are usually related to surgical technique and perioperative patient care, whereas late failures have been linked to the effects of aging on the implanted shunt material. 5, 40 Studies concentrating on VPS failure invariably tend to report mainly early complications due to the shorter duration of follow-up 16 and/or the tendency for most VPSs to fail within 2 years of follow-up. Following this observation, we reviewed our local cohort of patients who underwent shunt revision after 5 years because of the increment of older children who, after several years, present with symptomatic VPS complications. This corroborates the literature that, first of all, reports that the majority of VPS catheter degradations have been found to occur after 5 years from the time of surgery. 17, 19 Second, early complications related to operative technique and initial patient management would be resolved after such a long time interval. Our study cohort demonstrates that the majority of patients have a VPS fracture with or without in vivo catheter disconnection, followed by VPS blockage, as the main clinical presentations for late VPS complications.
Fractures and Disconnections
Broadly speaking, the incidence of VPS fracture appears to be a late complication in the pediatric population.
12,34 Most VPS fractures occur in the neck, 13, 25, 29 and repeated motion has been postulated to be the most important factor in these fractures. 1 In the cervical spine region, there is a transition from the mobile neck, which is associated with numerous turning movements in the context of an immobile chest wall. This results in increased localized stress on the shunt tubing in the area. Another significant point is that the continued growth of a child can result in chronic stretching of the tube, especially if it is tethered by fibrosis. Given this latter observation, coupled with the stress on the VPS tubing caused by neck movements, there is thus an increased risk of VPS fracture and/or disconnection occurring.
1,28
Despite a disproportional increase in the patients' height during the adolescent growth spurt, our study does not show that the onset of puberty is a statistically significant contributory factor for VPS fracture. We theorize that the main causative factor is a temporal stretching of the VPS tubing as the child grows, which causes more biodegradation of the VPS material in the long term. This reason, in combination with an event of increased stretching during the adolescent growth spurt, may be the key to our patients' age at presentation.
In addition, VPS systems involving the use of connectors have been associated with a higher likelihood of VPS disconnections compared with unishunt systems. 40 Sites of connections are the weakest biomechanical aspects of the VPS. Hence, they are at risk for disconnection when the catheter is tethered downward. Hence, in concordance with this known phenomenon, it is not surprising that a noteworthy number of patients in our study tend to have VPS disconnections just distal to the valve.
Calcification and Related Consequences
Ventriculoperitoneal shunt fractures and disconnections have been found to be frequently associated with calcification along the course of the implant. This phenomenon of calcified material along the VPS tubing and its influential effect on subsequent VPS fracture and/or disconnection is unique to the pediatric population with long-term VPSs. 17, 45 The deposition of calcium is invariably related to the younger age of the patient and the degradation of the VPS tubing. 19 Furthermore, aging and biodegradation of the VPS appears to be heavily involved in the mineralization and deposition of calcium. The calcified areas are typically associated with fibrosis, causing the VPS catheter to be tethered (Fig. 5) . This tethered portion of the shunt is often very stuck down and is challenging to remove during VPS revision surgery.
10
Detailed physical, chemical, and mechanical studies showed that calcification was only observed on the external surface of the tubing and predominately in the subcutaneous layer of the neck and the anterior chest wall. Findings such as fragmentation of shunt polymer, presence of microfractures, and degradation of the silicone rubber causing brittleness suggest that the shunts were degraded.
5
Common sites of calcification include occipital sites, lateral cervical regions, and the chest wall. This has led some authors to speculate that tensile stresses that can occur on the tubing as it passes from the mobile neck to the relatively immobile chest wall are responsible for stress-related degeneration and calcium deposition.
17,19,45
Various theories have been postulated to account for the mechanism of calcium formation. The first phase of calcification is the formation of a small nucleus of precipitate, after which calcium deposits grow. Formulation of calcium nuclei can occur from cellular debris that accumulate in proximity to the implant and worsen by physical deterioration of the surface conditions of the shunt, which could cause dystrophic calcium deposition.
5 Chronic inflammation in the subcutaneous tissues has also been implicated in the biodegradation of the catheters. 38 The presence of barium in shunts that calcify and fracture suggests that barium has a role in the calcification of these devices.
37,38,
41,50 Barium particles can act as a solid interface to enhance nucleation rates, in addition to cellular debris or inflamma- tory cells on the catheters. They may also make numerous cracks, which can accelerate the degradation of the catheters. 50 The risk of VPS fracture and disconnection has prompted some authors to suggest that routine revision of the VPS tubing might be beneficial in even asymptomatic calcified shunts.
5,17
Tethering and Tract Fibrosis
Most publications on VPS calcification are related to shunt fractures and/or disconnections. 1, 10, 13, 25, 28, 29, 37, 38, 40, 41, 50 In our study, we identified other problems associated with shunt calcification. These include fibrosis and tethering to the skin, causing localized discomfort to the patients (Fig.  6) . Overall, VPS catheter tethering with or without the presence of tract fibrosis is seldom discussed in the literature. In this study, we use the term "tract fibrosis" for the findings of inflammatory tissue that result from scarring and/ or calcinosis surrounding the VPS catheter. These fibrotic tissues usually take a tubular shape, mirroring that of the catheter's tube structure-hence the term tract fibrosis. In 3 of our patients presenting with VPS tethering, a palpable neck swelling was present in 1 case. This was found to be due to kinking of the catheter at the level of the first rib, identified on radiographs. The other 2 patients presented with neck pain that interfered with daily activities.
Our intraoperative findings revealed extensive fibrosis, calcification, and adhesions, mainly in the neck and thoracic regions. Distal revision of the VPS catheter relieved these symptoms in 2 of 3 cases. In the remaining case, the shunt catheter was removed, and symptoms resolved spontaneously. One case report describes the development of torticollis in a 14-year-old boy approximately 12 years after VPS insertion. A fibrous band tightly overlying the VPS catheter in the neck was discovered during surgery. When this was excised, the patient's symptoms were relieved.
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Previous publications have highlighted calcification as the main factor in degradation of shunt tubing.
5,10,45,50 However, there are studies reporting that a proportion of VPS catheters have been found to be encircled by both calcification and fibrosis, making them adherent to surrounding structures. 5, 29 Hence, it is plausible that such fibrotic adherence of the VPS catheter to surrounding tissues may inhibit movement and, over time, induce further tension in nearby muscles and soft tissues, causing a repetitive triad of pain, inflammation, and swelling.
In our study, the similar intraoperative findings in patients with VPS fractures and VPS tethering suggest that the underlying pathogenesis of both conditions may have commonalities. We believe that they are both related to a common pathology-calcification of the VPS catheter. This process leads to tethering, synergistically with surrounding tissue fibrosis. Previous studies did not fully address this issue. Possible reasons could be that, first, their series may have been too small; and second, there was a strong focus on a singular relationship between VPS calcification and VPS fractures. It is important to recognize the complications that can result from shunt calcification because they will affect the management of the devices in these patients.
Blockage and VPS-Related Skin Erosion
In contrast to early VPS blockage, which accounts for the largest proportion of early VPS failures, 2, 16, 32, 48 late VPS failures secondary to obstruction are not well reported. Because of its long construct, a VPS may be blocked in various regions by different ways. For instance, the proximal catheter can be obstructed by debris, blood clot, choroid plexus, or brain tissue. This has been demonstrated in both in vivo and in vitro studies. 15 Alternatively, the distal catheter may be blocked by a close-spaced fluid loculation in the abdominal cavity, or the catheter tip may be encased by a fibrous sheath. An active inflammatory process related to a hypersensitivity reaction has been postulated to be responsible for such sequelae, resulting in noninfectious tissue-mediated obstruction of the distal catheter. 17 In our study, most of the VPS blockage cases occurred in the proximal catheters (10 of 14) , with the only discernible offender being debris obstructing the catheter lumen. However, we note that for this study, no microscopic investigations were performed on the material that was found during VPS revision surgery. Perhaps a detailed examination of such findings as the subject of future work will be able to yield meaningful information for better understanding of this condition.
Erosion of shunt parts through the skin or body surface is an uncommon complication in VPSs, and the incidence of such events is confined to just case reports. 7, 31 Skin erosions are believed to be caused by damage to the integrity of the overlying skin, either through infection or necrosis. 7, 33, 35 Both patients in our series with VPS catheter erosion had overlying skin infections-one had a history of neck abscess and cellulitis, whereas the other had erythematous skin with small pus pockets around the exposed VPS tubing. We believe that the VPS implant under the skin may have caused a long-term irritative process to the inner dermis, leading to repeated pressure and inflammation, and eventual erosion through the skin. This process is probably parallel to previously reported cases in which the distal VPS catheter tip eroded through the bowel via chronic irritation of the intestinal serosal surface.
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Future Directions
Mechanical dysfunction of VPSs is an important problem and a frequent cause of readmission in pediatric neurosurgery. 6 In accordance with published evidence, our study demonstrates that late VPS failure is associated with the effects of aging on the VPS materials in vivo. Ventriculoperiotoneal shunt calcification is a leading cause for a large proportion of delayed VPS failures. Such complications associated with calcified shunts should be regarded as a constellation of events that arise from a common pathology. Other less frequent complications in our series include VPS blockage and VPS implant erosion through the skin.
In view of our findings, we advocate the long-term monitoring of shunt-treated patients in the form of regular outpatient follow-up, with consideration of closer monitoring during their expected years of growth spurts. Particular attention should be paid during the period of adolescence, when these discussed late VPS complications are more likely to occur. Surveillance can be arranged such that it is more frequent around the time of adolescent growth; for example, a follow up could be scheduled every 6 months between the ages of 10 and 16 years. Furthermore, neck pain in patients treated with shunts should not be dismissed without thorough clinical examination and, when appropriate, the inclusion of radiological investigation. This is contingent on parental cooperation, and the importance of this follow-up must be emphasized during the initial consultation. In addition, we push for public health education to increase community awareness of clinical hydrocephalic presentation. This is paramount, especially for parents and teachers of children with a VPS; in these children a close eye is needed to be mindful of sometimes insidious symptoms of raised intracranial pressure. Such measures can potentially help reduce the time lapse between fracture and a late clinical presentation.
Nowadays, the discussion of pediatric hydrocephalus is incomplete without the mention of endoscopic third ventriculostomy (ETV). This is because there is a shift toward alternative methods that aim for the affected child to be less shunt dependent. 9, 20, 22 Retrospective analysis has shown that ETV for obstructive hydrocephalus has the benefit of a higher success rate, with fewer reoperations compared with VPS insertion. 9, 14, 20 However, there remains a lack of prospective large-scale randomized studies comparing the efficacy of both methods. Besides that, some limitations of ETV are clinically relevant: these include lower success rates in infants 22, 23, 27, 36 and in children less than 1 year old. 14, 22, 23, 27, 36 This is thought to be due to a combination of ventriculostomy closure, due to the higher capacity of infants for arachnoid proliferation, as well as immature CSF absorption capacity. Furthermore, some studies report that significant experience is required to obtain good results, and centralization of these procedures may be beneficial.
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Despite the increasing use of ETV at our institution, for the majority of patients the VPS is still the standard of care for a child with hydrocephalus. Hence, it remains valuable to continue to optimize management in existing and future patients with VPSs, and at the same time to pursue techniques that can possibly avoid VPS dependence in young children.
Conclusions
This study highlights the factors that affect durability of VPSs in pediatric patients, particularly in our local setting. More research is needed to look into such factors for affected patients. In the meantime, we advocate the ongoing optimization of the treatment of patients with late VPS complications via the development of strategies for lifelong follow-up, the design of a workflow protocol for medical staff to recognize and manage such patients when admitted, and focused public health education for parents and school teachers in contact with patients with a VPS. Ultimately, this is important for better patient care, especially in the context of a possibly fatal condition if prompt treatment is not instituted.
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